The only direct experiment that has been performed ments for transport of GPI-anchored proteins from the to check this issue was after immunoisolation of ERendoplasmic reticulum to the Golgi apparatus in yeast derived vesicles generated in vitro. The conclusion was could be explained if protein sorting occurs earlier in that at least two secretory proteins, glycosylated pro ␣ the pathway. Using an in vitro assay that reconstitutes factor (gp␣F) and the general amino acid permease, a single round of budding from the endoplasmic reticuGap1p, exit the ER in the same vesicles (Kuehn et al., lum, we found that GPI-anchored proteins and other 1996). These results reinforced the idea that all secretory secretory proteins exit the endoplasmic reticulum in proteins are packaged in the same type of ER-derived distinct vesicles. Therefore, GPI-anchored proteins are vesicles and travel together to the Golgi compartment. The specificity of these requirements could be exare two viral glycoproteins transported through the seplained if GPI-anchored proteins require these two activcretory pathway to different regions of the plasma memities to enter into ER-derived vesicles, or if they are brane in Madin-Darby canine kidney (MDCK) cells. The sorted from other proteins in the ER and thus enter into fact that these two glycoproteins can be localized in the distinct ER-derived vesicles. We tested this two-vesisame Golgi cisternae led to the assumption that they cle hypothesis directly. In vitro generated, primary ERderived vesicles were separated by immunoisolation techniques and by density gradient centrifugation showing that
from other cargo proteins. This segregation is not due to different ER budding kinetics. Therefore, GPI-anchored proteins exit the ER in different vesicles from other secretory proteins. These results provide the first evidence of secretory protein sorting in the ER.
Results

Packaging of Different Secretory Proteins into ER-Derived Vesicles
In order to test whether GPI-anchored proteins exit the ER in the same or different vesicles than other secretory proteins, we used an in vitro ER budding assay that measures incorporation of cargo proteins into ER-derived vesicles (Kuehn et al., 1996 ; Muñ iz et al., 2000). We reconstituted vesicle budding from the ER by incubation of permeabilized spheroplasts from wild-type cells with exogenous cytosol, an ATP regenerating system, GTP and GDP-mannose. After the incubation, vesicles were separated from the total membranes by centrifugation and subsequent flotation into a Nycodenz gradient. The floated vesicles were then recovered by ultracentrifugation. Various secretory proteins were immunoprecipitated from these vesicles ( Figure 1A ). This budding assay has been used previously to reproduce the ER exit of several secretory proteins, including the GPI-anchored protein Gas1p, the amino acid permease, Gap1p, and glycosylated pro ␣ factor, gp␣F, among others (Doering and Schekman, 1996; Kuehn et al., 1996) . We show here that this system also reconstitutes the ER exit of Yps1p, another GPI-anchored protein, and ALP, alkaline phosphatase. The budding efficiency of Gas1p is substantially a Nycodenz R gradient is a strong indication of vesicular association. However, to confirm this, we treated the floated fraction with proteinase K. Gas1p was protected late GPI-anchored protein-containing vesicles. Therefore, from protease digestion in the absence of detergent, we decided to immunoisolate vesicles carrying transbut was digested when detergent was present (Figure membrane plasma membrane proteins and then exam-1B). This result confirms that Gas1p exits the ER in ined their contents for the coisolation of GPI-anchored vesicles in our in vitro system. proteins. For this purpose, we used a strain expressing Gap1pHA (a version of the permease Gap1p with an HA tag on its cytosolic tail). Vesicles generated from wild-GPI-Anchored Proteins Are Not Found in the Same ER-Derived Vesicles type membranes expressing Gap1HA were subjected to immunoisolation using HA antibody. 61% of Gap1pHA as Other Secretory Proteins To test whether the GPI-anchored proteins were in was found in the vesicle pellet after the immunoisolation. In contrast, only 6% of the GPI-anchored protein, Gas1p, the same vesicles as other secretory proteins, we purified ER-derived vesicles by immunoisolation. Since GPIwas detected in the vesicle pellet (Figure 2 ). The immunoisolation was specific because in the absence of HA anchored proteins are entirely lumenal and do not have a cytosolic domain, we could not directly immunoisoantibody, no Gap1pHA was detected in the pellet. This Vesicles that were generated from an in vitro budding reaction using wild-type membranes (PLY129 (pPL269)) and cytosol as above were immunoisolated with or without monoclonal anti-HA antibody. The supernatants (S) and pellets (P) were processed for immunoprecipitation and samples analyzed by SDS-PAGE and quantified using a phosphorimager. The total recovery, S plus P, was set to 100%. % is percentage recovery in the pellet. ER to the Golgi because ER-derived vesicles cannot fuse with the Golgi. In addition, the sec18 mutation blocks many other vesicular fusion events in yeast (Riezmutant membranes and cytosol produced ER-derived vesicles that did not fuse with the Golgi because Gas1p man, 1985; Graham and Emr, 1991) and may be required for all SNARE-dependent fusion events. SNARE proteins did not receive the ␣-1,6 mannose modification ( Figure  3A ). Therefore, we have inactivated Sec18p and vesicle are efficiently incorporated into ER-derived vesicles (Rexach et al., 1994). Our sec18 allele is inactivated very fusion under our conditions. The use of sec18 membranes and cytosol ensures that we are analyzing the rapidly at 32ЊC (Hicke et al., 1997). Mutant sec18 cells were pulse labeled after a short preincubation at 32ЊC primary ER-derived vesicles. Vesicles produced using sec18 membranes and cytoand membranes were prepared for the in vitro budding assay. Mutant sec18 cytosol was incubated for 10 min sol were then used as a source for the vesicle immunoisolation procedure using anti-HA antibodies. 55% of at 32ЊC to inactivate NSF before addition to the in vitro assay. Vesicle formation was cytosol dependent and Gap1pHA-containing vesicles was recovered in the pellet, along with 47% and 42% of gp␣F and ALP, respecapproximately as efficient as for wild-type membranes and cytosol. During the in vitro budding assay, sec18
tively. The vesicle immunoisolation was specific because Time course of budding from the ER of Gas1p and Gap1p-containing vesicles. ER budding reactions using sec18 membranes and cytosol were incubated for the indicated times and vesicles were isolated. Gap1p and Gas1p were quantified by immunprecipitation, SDS-PAGE, and analysis on a phosphorimager. The efficiency of budding after 120 min was set to 100% for each protein.
no Gap1pHA, gp␣F, or ALP were found in the pellet when a monoclonal myc antibody was used instead of HA antibody ( Figure 3B ). This result confirms the previous observation (Kuehn et al., 1996 ) that gp␣F and Gap1pHA are found in the same ER-derived vesicles and shows that another transmembrane protein, ALP, which is not GPIanchored, is also incorporated into the same ER-derived vesicles. It has been shown previously that Gap1pHA and gp␣F copurification is not due to vesicle tethering (Kuehn Sorting upon ER Exit Is Not Due to Different Exit Kinetics sity-gradient floatation. After centrifugation to the equiThe immunoisolation experiments led us to conclude librium, the different fractions were collected and anathat Gas1p is incorporated into specific ER-derived vesilyzed by immunoprecipitation for several cargo proteins cles. However, due to the differences in efficiency of ( Figure 5 ). The GPI-anchored proteins Gas1p and Yps1p budding of Gas1p and Gap1p, we considered the possiwere found mainly in the top fractions of the gradient. bility that the segregation of these secretory proteins is 62% and 56% of the total signal was found in two first due to a difference in the kinetics of budding of the fractions for Gas1p and Yps1p, respectively. In contrast, two proteins from the ER. It is possible that Gap1pHA the majority of the total signal for non-GPI-anchored incorporates into the vesicles very early during the in protein-containing vesicles was found in the two bottom vitro reaction while Gas1p is only packaged later. The fractions of the gradient, with 69% and 80% recovery expected consequence of this would be a physical segfor Gap1pHA and gp␣F, respectively. Therefore, it is regation during the budding assay. In order to rule out possible to separate the two ER-derived vesicle populathis possibility, Gap1pHA and Gas1p budding kinetics tions according to their densities. This result confirms were compared. As shown in Figure 4 , the kinetics of that GPI-anchored proteins are packaged into ER-derived budding from the ER of these two proteins are very vesicles that are distinct from and have different physisimilar. This rules out the possibility that the two proteins cal properties than the vesicles used to package other are packaged into different vesicles due to temporal secretory proteins. causes. Furthermore, Yps1p, another GPI-anchored protein, is as efficiently packaged into ER-derived vesiDiscussion cles as Gap1p, gp␣F, or ALP. From these results, we conclude that GPI-anchored proteins are actively sorted
The current model of the exocytic pathway proposes from other secretory proteins in the ER. that secretory proteins are transported together from the ER to the Golgi apparatus, where they are sorted to Two Populations of ER-Derived Vesicles their final destinations (Griffiths and Simons, 1986). We Can Be Separated by Density show here that, in yeast, a specific subset of secretory In order to confirm the immunoisolation result, we tried proteins, including GPI-anchored proteins, is sorted to obtain evidence of the two-vesicle model using an from other secretory proteins upon exit from the ER. This independent method. Vesicles generated using sec18 membranes and cytosol were subjected to sucrose denconclusion was reached after using two independent isolation methods to separate primary ER-derived vesifor the ongoing synthesis of sphingoid base, the precursor to ceramide and sphingolipids. One possible explacles: vesicle immunoisolation and separation of vesicles on sucrose gradients. Use of the sec18 mutant ensured nation for this specific requirement is that ceramide rafts or microdomains could recruit and segregate specifithat we examined the primary ER-derived vesicles. We showed that the vesicles containing Gas1p are capable cally GPI-anchored proteins in the ER. As in mammalian cells, ceramides are not converted into sphingolipids of fusing with the Golgi compartment, demonstrating that we are analyzing true intermediates in ER to Golgi until they reach the Golgi apparatus in yeast (Levine et al., 2000) . Since the GPI anchor is necessary for the ER transport. The sorting process seen in this study is not the result of a difference in budding kinetics of the differexit of these proteins (Doering and Schekman, 1996) , it is conceivable that GPI-anchored proteins are selectively ent proteins. Therefore, in contradiction to previous ideas, GPI-anchored proteins can be sorted from other recruited to ceramide microdomains because of the physical properties of their GPI anchors. Other secretory secretory proteins upon budding from the ER. Our results also demonstrate that two secretory proteins with proteins, not anchored to GPI, could be excluded from these microdomains. Consistent with this idea, deterdifferent final destinations, Gap1p and ALP, leave the ER in the same vesicles, implying that they are sorted gent insoluble Gas1p has been detected in the ER (Bagnat et al., 2000), although there is no direct evidence for later, most likely in the Golgi apparatus.
The idea that GPI-anchored proteins could exit the ER a role of detergent insolubility in transport and/or sorting of GPI-anchored proteins in yeast. It should be noted in distinct vesicles arose as the result of the discovery of two specific requirements for ER to Golgi transport of that the GPI-anchored protein-containing vesicles show a distinct behavior on sucrose gradients. We were unthese proteins (Sü tterlin et al., 1997). The first specific requirement is for ␣-COP, a component of the COPI able to separate the two vesicle populations on Nycodenz R gradients (data not shown). The lighter buoyant coat. The cop1-1 mutant affects ER to Golgi transport of GPI-anchored proteins without affecting other secretory density of the GPI-anchored protein-containing vesicles on sucrose gradients might suggest that they are less proteins such as invertase or carboxypeptidase Y. The COP1 requirement can be explained in at least two ways. . Ceramide or a sphingoid base this could correspond to the two vesicle populations that we find, there is no evidence for this yet. On the could, by activation of a signaling cascade, induce the formation of ER-derived vesicles containing GPI-anchored other hand, it has been shown that Gas1p can be incorporated into COPII-coated vesicles when purified COPII proteins. Alternatively, the putative signaling event could regulate the fusion of ER-derived vesicles carrying components are used instead of cytosol (Doering and Schekman, 1996) . Under these conditions, Gap1p can GPI-anchored proteins with the Golgi apparatus or with a specialized Golgi compartment. These different possibe packaged into the same vesicles as gp␣F (Kuehn et al., 1996) , but GPI-anchored proteins were not analyzed bilities for the function of sphingoid base synthesis in GPI-anchored protein transport are not mutually exin this study. It is possible that COPII-coated vesicles are not the natural carriers for GPI-anchored proteins clusive. The formation of lipid rafts in the ER could be one even though they can enter them in vitro.
permeable to sucrose than the other ER-derived vesicles and this could be due to a different lipid compoFirst, GPI-anchored proteins could be transported to the
Second, since COPI has been shown to be involved explanation for the sorting of GPI-anchored proteins in the ER, but a specific interaction with vesicle coat proin retrograde transport from the Golgi apparatus to the ER (Letourneur et al., 1994) , coatomer could be required teins may still be required. There is evidence that it is the interaction of the cytosolic part of a transmembrane to recycle some factor(s) necessary for the anterograde transport of GPI-anchored proteins. In this case, GPIprotein with coat components that drives the selective incorporation of cargo proteins into coated vesicles anchored proteins would be transported to the Golgi in COPII-coated vesicles, but would require an accessory (Kuehn et al., 1998) . Since GPI-anchored proteins are completely lumenal, they would still need to associate factor for sorting. Genetic studies favor this idea because the ER to Golgi transport of GPI-anchored prowith a transmembrane protein in order to interact with the vesicle coat. This function may be fulfilled by the teins, as well as the rest of secretory proteins, is completely and very rapidly blocked in COPII mutants Emp24p complex, which is necessary for efficient packaging Gas1p into ER-derived vesicles and can be cross- (Schimmö ller et The second specific requirement for GPI-anchored because Gas1p was copurified when antibodies against the Emp24p cytosolic tail were used to immunoisolate protein transport from the ER to the Golgi apparatus is or RH696-3B (pPL269) (MAT␣ gap1⌬::LEU2 ura3 leu2 lys2⌬201 his4
ER-derived vesicles and because Emp24p and Erv25p
pPL269) and sec18 mutant strain RH696-2B (MAT␣ sec18Ϫ20 could be directly cross-linked to Gas1p in these vesicles involved in this process.
8 ml of a linear sucrose gradient 35%-25% (w/v in B88), and 1 ml 5% sucrose (w/v in B88). The gradient was centrifuged in TST41.14 Experimental Procedures (Kontron) (100,000 g, 20 hr, 4ЊC) and fractionated from the top into 11 fractions (1 ml). 450 l from each fraction was solubilized in 1% Strains and Materials SDS in TEPI either at 55ЊC (for Gap1p analysis) or at 95ЊC for 15 The S. cerevisiae wild-type strains PLY129 (pPL269) (MATa gap1⌬::LEU2 ura3 leu2 lys2⌬201 ade2 pPL269) (Kuehn et al., 1996) min. Individual proteins were detected by successive immunopre- 
